Abstract-A method for increasing the all-optical modulation bandwidth of semiconductor optical amplifiers (SOAs) by use of a cross-gain-modulated (XGM) holding signal is suggested and analyzed. The bandwidth improvement is numerically demonstrated by studying wavelength conversion in an SOA-based Mach-Zehnder interferometer (MZI) at 160 and 40 Gb/s. The new scheme is predicted to improve the extinction ratio and the minimum mark output power, as well as to reduce the amplitude jitter of the wavelength converted signal.
I. INTRODUCTION
A LL-OPTICAL signal processing is expected to be a key functionality in telecommunication networks with transmission capabilities beyond 100 Gb/s. Devices based on semiconductor optical amplifiers (SOAs) for all-optical demultiplexing, wavelength conversion, regeneration, optical logic, etc. have already been intensively investigated [1] - [4] . Error-free demultiplexing of a 252 Gb/s signal to 10.5 Gb/s has been experimentally demonstrated in an SOA based symmetric Mach-Zehnder switch [1] , and error-free wavelength conversion of a 168 Gb/s signal has been achieved in a delayed interference semiconductor wavelength converter (DISC) [2] . In the latter case, the power penalty for observing a bit error rate (BER) of was as high as 6 dB, and the pseudorandom bit sequence (PRBS) length was limited to . These limitations are attributed to inherent patterning effects associated with the gain recovery process in an SOA.
Allthough error-free wavelength conversion has been experimentally demonstrated at 168 Gb/s [2] , the high amplitude jitter of the converted signal impedes the use of this signal for further transmission and possible use in all-optical signal processing configurations. In the conventional wavelength conversion scheme, the data signal and a CW signal, onto which the data information is transferred, are injected into an SOA (cross-gain modulation-XGM) or a Mach-Zehnder interferometer (MZI) (cross-phase modulation-XPM). It is well known, that stimulated emission due to the CW signal reduces the effective gain recovery time, thereby increasing the bandwidth of the device. This effect has been utilized to further improve the modulation bandwidth by the injection of a third CW signal, denoted a holding beam [3] . This is schematically shown in Fig. 1(a) . In this paper a novel scheme is proposed, which increases the modulation bandwidth of SOAs used for all-optical signal processing by applying a time-varying holding signal, which is partly inverted with respect to the data signal. This modulated holding signal can conveniently be generated in an SOA by XGM, as depicted in Fig. 1(b) , or by the use of an SOA based interferometer. The XGM scheme requires an extra SOA and an additional signal (the XGM holding signal), but the additional SOA can in principle be monolithically integrated with the switching device. The idea of using a holding signal, which is an inverted and low-pass filtered version of the data signal, is basically to temporally equalize the total power injected into the SOA, thereby reducing the degree of patterning.
The temporal characteristics of the modulated holding beam are important. The optical response of a wavelength converter relying on XGM would obviously deteriorate if the holding signal instantaneously made up for the changes in the data signal. On the contrary, slower changes of the modulated holding signal can mitigate pattern effects by equalizing the average power level injected into the SOA for, say, a long string of marks or a long string of spaces. The optimum bandwidth of the modulated holding signal depends on the all-optical modulation technique being used. In case of four wave mixing (FWM) in an SOA, the use of a perfectly inverted signal would ideally make it possible to keep the optical power constant, since, in this case, the modulated holding signal can be orthogonally polarized with respect to the data signal and the signal onto which the data information is transferred.
In this paper, we specifically investigate the influence of a modulated holding signal on the performance of a MZI operating in differential mode. In this scheme [6] , the data signal and a delayed version of it are injected into the two arms of an MZI, cf. Fig. 2 . The transmission of the CW signal through the interferometer is governed by the phase-difference between the two SOAs, thus reducing the degree of patterning compared to a scheme where only one interferometer arm is modulated, or an XGM scheme. However, as noted earlier, long-term patterning effects may still prevail, as indicated by the experimental problem in converting long PRBS sequences [2] . By injecting a modulated holding signal into both arms simultaneously, cf. Fig. 2 , one may thus counterbalance the SOA saturation without significantly changing the phase difference. In this way one limits the degree of power fluctuations, and thus saturation, of the SOA.
The paper is organized as follows. First, we briefly summarize the large-signal model employed for the simulations. Next, the scheme is investigated for wavelength conversion at 160 Gb/s. A separate section is dedicated to the investigation of the scheme at a moderate speed of 40 Gb/s, where both the inverted and noninverted output are simultaneously optimized. The details of the modulated holding signal are investigated in this case.
II. MODEL
The large signal model used to investigate the wavelength conversion scheme has been described in [6] . The equations describing field propagation are as follows: (1) The normalization of the electrical field amplitude is chosen such that the photon density is , where and are the right and left propagating fields, respectively. The symbols and represent the space and time coordinates. Other parameters are as the group velocity, is the optical confinement factor, is internal loss, and are Kerr and two photon absorption (TPA) coefficients, is group velocity dispersion, and are gain dispersion, and represents linewidth enhancement factors accounting for self-phase modulation due to changes in the carrier density and the carrier temperature, respectively.
The dynamical gain of the SOA is determined by a set of rate equations derived from semi-classical density matrix equations [7] - [9] , where the carrier distribution functions are relaxing toward quasi-Fermi-Dirac distributions by carrier-carrier and carrier-phonon scattering with characteristic (phenomenolog- ical) time constants. The rate equations for the total carrier density , energy density , and local carrier density are
where stands for conduction , heavy hole (hh), and light hole band (lh), , respectively. Other parameters are as injection current, is the electron charge, as the volume of active area, , and are radiative and nonradiative recombination coefficients, is carrier energy density at the lattice temperature, represents carrier temperature relaxation time constant, is free carrier absorption cross section, is reference energy, is gain determining local carrier density for quasi-equilibrium, an is relaxation time constant for spectral hole burning. The gain is (5) (6) where is the dipole-moment, is the decay rate for the polarization, is the speed of light in vacuum, is the refractive index, and is the electric permittivity. The parameter values used in our simulations are given in Table I . The rate equations for carrier density, carrier energy, and local carrier density have been solved by a Runge-Kutta scheme, while field propagation is accounted for by using a modified method-oflines scheme, where the dispersion terms have been included by using values from the previous time step.
III. WAVELENGTH CONVERSION AT 160 Gb/s
Noninverted wavelength conversion is, in the configuration considered here, accomplished by applying the same bias to both SOAs, since a phase shift is assumed between the output ports of the multi-mode interference couplers. The modulated holding signal in Fig. 2 can be generated by XGM in an additional SOA [see Fig. 1(b) ]. The holding signal is, whether CW or modulated, injected into both MZI SOAs simultaneously as shown in Fig. 2 , while there is a time-delay between the data signals entering the lower and upper SOA. The wavelengths of the data, converted and holding signal have been set at 1520, 1530, and 1525 nm, respectively. The data signal was generated from a PRBS signal, where the different 4-bit patterns were cyclically interchanged, resulting in a data sequence with characteristics similar to that of a PRBS sequence, e.g., with a maximum of eight consecutive marks, mark-space or spaces. Fig. 3 shows the optical eye diagrams for the wavelengthconverted signal and a fraction of the corresponding data and holding signal for wavelength conversion in a MZI with 1 mm long SOAs at 160 Gb/s. The data signal had an average power of 2 dBm and consisted of Gaussian pulses with a full width at half maximum of 2 ps. The differential time delay between the two data signals was set to 3 ps. Fig. 3 (a) and (b) are for the case of a strong and a weak CW holding signal, respectively. The amplitude jitter is seen to decrease with increasing CW holding signal power, but at the same time the eye opening is reduced. As mentioned in the introduction, the purpose of a CW holding signal is to reduce the effective carrier lifetime [5] . However, a strong CW holding signal also reduces the carrier density in the SOA, resulting in a reduction of the gain and refractive index changes induced by the data signal. Thus, optimum values for the power levels of the data and CW holding signal exist for a given SOA and bit rate.
The fluctuations in the mark power level (FMPL) (max. mark level/min. mark level) and the extinction ratio (ER) (min. mark level/max. space level) are plotted in Fig. 4 as function of CW holding signal power. The data signal was the same as studied in Fig. 3 . As aforementioned, the FMPL decreases with increasing CW holding signal power, while the ER shows an optimum for a CW holding signal power of 1-2 dBm. The optimum value is related to the data signal power. The ER of the converted signal for a holding signal power of more (less) than 1-2 dBm can be improved by increasing (decreasing) the data signal power.
As aforementioned, the simulations have been performed using a data signal corresponding to a PRBS signal of limited word length. The maximum number of 8 consecutive marks or spaces sets a limit to the observed ER and FMPL for a holding signal power below dBm. A longer PRBS signal would result in slightly lower (higher) ER (FMPL), since steady state is not reached for a low holding signal power when converting a sequence of eight consecutive marks. Increasing the CW holding signal power to 2 dBm, or employing modulated holding signals [ Fig. 3(c) and (d) ], the conversion of eight consecutive marks is shown to be sufficient to estimate the ER and FMPL. This is illustrated in Fig. 5(a) , where a fraction of the wavelength converted data signal corresponding to the optical eye in Fig. 3(a) is shown.
The improvement of the signal quality by replacing the CW holding signal with a modulated holding signal is illustrated in Fig. 3(c) . The ER is improved and the amplitude fluctuations are significantly reduced. Furthermore, the minimum mark power level is increased from 2 mW for the optimum CW holding signal to 3 mW by applying the modulated holding signal. The modulated holding signal is seen to correspond to an inverted and low pass filtered version of the data signal. However, notice that the modulated holding signal is of a low quality, that does not permit retrieving the original data. The holding signals are calculated via a simple rate-equation model for an SOA, which for simplicity does not take propagation effects into account, see, e.g., [3] . Effective carrier lifetimes as low as a few tens of picoseconds have been predicted and measured for strong CW holding signals [3] , [10] . The effective carrier lifetime governing the gain recovery can thus be readily modified, resulting in different temporal shapes of the modulated holding signal. The holding signals in Fig. 3(c) and (d) correspond to holding signals generated by XGM in an SOA, where the effective exponential gain recovery time was set to 12 ps. The "grouping" of data traces in the optical eye diagrams in Fig. 3 reflect the response of the SOA to the different data sequences. Real data signals will be noisy and distorted due to amplification, fiber nonlinearities, etc., resulting in a blurring of these separate power levels. The influence of variations in the average power of the data signal has been investigated by simulating the case, where only the data signal power is increased by 2 dB, while all other parameter values were kept fixed. The resulting optical eye diagrams and modulated holding signal are shown in Fig. 3(d) . It is seen that the quality of the converted signal hardly is affected, which is attributed to the inverse relation of the power of the modulated holding signal and that of the data signal. The suggested scheme should thus strongly improve the input power dynamic range.
The ER and FMPL for the converted signal in Fig. 3 (c) and (d) are shown in Fig. 4 as solid and open dots and squares, respectively. The ER is increased by approximately 1.5 dB, while the FMPL is decreased by 3 dB compared to the optimum CW holding signal. We believe, however, that this is a conservative estimate of the improvements possible with this scheme. Thus, the CW holding signal was carefully optimized, while a similar detailed optimization was not performed for the modulated holding signal, due to the large numerical effort required.
The mechanism enabling a better wavelength conversion performance when using a modulated holding signal is fur- ther elucidated in Fig. 5 , where examples of the temporal characteristics of the converted signal are shown for the optimum CW case (a) and the two modulated holding signal cases, (b), (c), respectively. The eight consecutive marks in the time interval from 700-800 ps show how the converted signal intensity decreases with time and eventually becomes constant after the first 5-6 pulses in case of a CW holding signal. The modulated holding signal results in a much faster adjustment of the SOA response, such that the converted mark intensity only drops for the first three pulses, the remaining five converted pulses actually have a higher output power than the third pulse. The same feature is observed after a sequence of eight consecutive spaces, where the following mark has the highest output power in case of the CW holding signal. The maximum output mark power in case of a modulated holding signal is not observed after eight consecutive spaces, but typically after a mark space sequence. The data in Fig. 5 thus illustrate how the modulated holding signal results in a smaller pattern dependent gain modulation of the MZI SOAs after a long sequence of consecutive marks or spaces.
IV. WAVELENGTH CONVERSION AT 40 Gb/s
The influence of the shape of the modulated holding signal on the converted signal quality was also investigated by simulating wavelength conversion at a lower bit-rate of 40 Gb/s in a MZI with 500-m-long SOAs.
The schematic of the wavelength conversion setup is shown in Fig. 2 , where the wavelength converted optical eyes are illustrated for inverted as well as noninverted wavelength conversion. The MZI was in this case optimized to achieve approximately equal optical extinction ratios for inverted and noninverted wavelength conversion. Either the inverted or the noninverted signal could be optimized further if focusing only on one of these. Fig. 6 shows calculated optical eye diagrams for simultaneous inverted and noninverted wavelength conversion. The simulations were performed for the set of parameter values used before (see Table I ), except for the characteristics of the modulated holding signal, which are varied in order to understand, e.g., the influence of the bandwidth of the holding signal. The optical eye diagrams of the modulated holding signal corresponding to Fig. 6(a)-(d) are shown in Fig. 7(a)-(d) , respectively. The simulations have again been performed using a modulated data signal similar to a PRBS signal of length . The optical eye diagrams in Fig. 6 show that amplitude jitter is reduced when replacing the CW holding signal Fig. 6(a) with a modulated holding signal Fig. 6(b)-(d) . The jitter reduction is largest for the inverted signal, and is not simply a result of increasing the average power of the holding signal. An increased CW holding signal power would reduce the ER of the inverted optical eye and simultaneously reduce the amplitude jitter and the eye opening in the case of noninverted wavelength conversion. This is in contrast to the results shown in Fig. 6 , where the optical extinction ratios for noninverted (inverted) wavelength conversion in Fig. 6(a) -(d) are 7.25 (6.62), 7.60 (9.58), 8 .24 (7.55), and 10.14 dB (7.86 dB), respectively. Thus, the XGM holding signal improves the ER and reduces the amplitude jitter of the inverted and noninverted wavelength converted signal simultaneously.
In a simple p-i-n receiver model, including shot noise and thermal noise with a spectral density of A s, resulting in a back-to-back receiver sensitivity of approximately dBm for the input data signal, we find for the noninverted (inverted) wavelength converted signals in Fig. 6(a)-(d) power penalties of 3.34 (8.26), 2.84 (7.08), 2.54 (7.37), and 1.13 (7.88) dBm. The high power penalty for inverted wavelength conversion results from the short data pulses and short differential time-delay used in our setup. The average power of the inverted signal is thus significantly higher than the power in the data and noninverted data signal. The amount of thermal noise added for the back-to-back case is the same as that added for the inverted and noninverted data signal.
The power penalty calculations mainly display the improvement in ER. The reduction in amplitude jitter is poorly captured when comparing numbers like ER and power penalty. The visual comparison of the noninverted wavelength converted eyes of Fig. 6(b) and (c) shows a significantly better amplitude jitter reduction for the holding signal in Fig. 7(b) , while the ER and the receiver power penalty indicate a better performance for the holding signal shown in Fig. 7(c) .
The modulated holding signals shown in Figs. 7(b)-(d) have quite different temporal shapes. The holding signals in Fig. 7(b) and (c) are again calculated via the simple SOA rate-equation model, using effective exponential gain recovery times, , of 20 and 40 ps for the holding signals in Fig. 7(b) and (c), respectively. The optical holding signal in Fig. 7(d) is generated by low-pass filtering the inverted data signal. This holding signal is thus somewhat artificial, but it is numerically easier to optimize the average power level and the ER in this case. The XGM holding signal in Fig. 7(d) results in a high ER and suppresses the amplitude jitter very efficiently. The holding signal has a quite fast response with respect to adjusting its power level, depending on the bit pattern of the data signal, which is important for the suppression of amplitude jitter. On the other hand, the low-pass filtering of the signal ensures that the power of the holding signal is almost constant for a long sequence of pulses, enhancing the ER of the converted signal.
These dependencies are also observed, but less clearly, for the modulated holding signals with characteristic recovery times of 20 and 40 ps; Fig. 6(b) and (c) , respectively. The fast recovery time reduces amplitude jitter, while the low pass filtering ("slower response") contributes to the enhancement of the ER.
The average power level and ER of the modulated holding signal are two other parameters, which influence the quality of the wavelength conversion. The average power level has already been considered, since the variation of the average power level results in qualitative changes similar to the case when varying the CW holding signal power level. The ER of the modulated holding signal, on the other hand describes the (maximum) variation in power. The ER of the modulated holding signal in Fig. 7 (d) has been optimized for the given low-pass filtering, while the ER of the holding signals in Fig. 7(b) and (c) could be optimized further to achieve better wavelength-converted eye diagrams. However, the main limitation for the converted signals in Fig. 6(b) and (c) is the use of a single recovery time constant, which makes the generation of a holding signal similar to the holding signal in Fig. 7(d) difficult at high data rates.
The modulated holding signal is injected into both SOAs in the arms of the MZI simultaneously, as shown in Fig. 2 . Introducing a variable time-delay of up to one third of the bit period between the data and the modulated holding signal hardly results in any change of the wavelength conversion performance. The timing between data and modulated holding signal is thus not critical for improving the conversion efficiency, and large timing jitter of the modulated holding signal is acceptable. It has been shown that when the data and CW signals are counterpropagating, increased timing jitter is obtained compared to the co-propagating case [11] . However, since large timing jitter is acceptable and a certain low-pass filtering of the modulated holding signal is beneficial, the generation of the modulated holding signal by counter-propagating XGM in an SOA may be preferable, since this avoids the use of an additional optical band pass filter.
V. CONCLUSION
We have suggested the use of a modulated holding signal to improve the performance of all-optical wavelength converters based on SOAs, in particular at high data rates. The modulated holding signal can be generated through XGM in a separate SOA. The method has been demonstrated to give a significantly better signal quality for a differentially operated MZI at 160 Gb/s, even with a low quality modulated holding signal. The generation of the holding signal would require an additional SOA or interferometer, whose bandwidth, however, does not have to match the data rate. Finally, it has been shown that the new scheme increases the robustness with respect to temporal fluctuations of the absolute data power level. The proposed scheme could thus be important to improve the performance of SOA based devices for all-optical wavelength conversion and regeneration at bit rates of 160 Gb/s and above.
